INTRODUCTION
============

Allergic asthma is characterized by the intermediate phenotypes of chronic inflammation of airway with predominant eosinophilic infiltration, airway hyperresponsiveness, reversible airway obstruction, and allergen specific IgE production. The prevalence of asthma is increasing worldwide, also in Korea ([@B1]). Asthma reduces the quality of life and may result in mortality. It is regarded as one of most important public health problems. The morbidity and mortality associated with asthma are still increasing, especially during the last half 20th century, despite the currently available mediations, which demands new therapeutic modalities ([@B2]). Animal models are essential in the study of the mechanisms of allergic diseases and for the development of new therapies. The mouse is one of the most popular species in the field of asthma study. It has several advantages; a well-known immune system, the availability of many tools to manipulate the immunological process, the availability of numerous genetically modified (transgenic or knockout) strains, and cost.

The persistence of a disease phenotype is important in the evaluation of newly developed treatment modalities in animal models. During the preclinical study, we evaluate whether the treatment can reverse the established asthma phenotypes in animal model. Many reports have been issued on mouse models of asthma ([@B3]) but few have reported upon the long term persistence of asthma phenotypes upon secondary allergen challenge in previously sensitized and challenged mice. For these reasons, we undertook to evaluate the persistence of asthma phenotypes in a mouse model after secondary allergen challenge at different times after sensitization and initial challenge.

MATERIALS AND METHODS
=====================

Animals
-------

Seven weeks old BALB/c female mice were used in this study. The mice were purchased from Dae Han Biolink (Choongbuk, Korea) and kept in specific pathogen free conditions in the Preclinical Center of the Clinical Research Institute of Seoul National University Hospital (Seoul, Korea). None of the mice was exposed to ovalbumin (OVA) before the experiment. The study was approved by the Committee on Animal Experimentation at our institution and performed according to the guide for the care and use of laboratory animals issued by the Institute of Laboratory Animal Resources Commission on Life Sciences, National Research Council, U.S.A. ([@B4]).

Experimental protocol
---------------------

The protocol used for sensitization and bronchial challenge was the same as previously described ([@B5]). There were five groups and each group consists of five mice; mice initially challenged, mice initially challenged and rechallenged at 5, 7, 9, or 12 weeks after the initally challenge ([Fig. 1](#F1){ref-type="fig"}). Mice were sensitized by intraperitoneal injections of 20 µg of ovalbumin (OVA, ICN, Costa Mesa, U.S.A.) with 1 mg of alum hydroxide (alum, Sigma, St. Louis, U.S.A.) on days 1 and 14. The initial inhalation challenge was done with 1% OVA for 30 min daily on days 21, 22 and 23 with an ultrasonic nebulizer (NE-U12, Omron, Japan). Each group of mice were rechallenged at different times (5, 7, 9, or 12 weeks after the initial challenge) with 1% OVA for 30 min daily and for 3 consecutive days. Mice sensitized and challenged by PBS at each time were used as negative controls for possible environmental factors.

Evaluation of asthma phenotypes
-------------------------------

Airway hyperresponsiveness: Twenty-four hours after the final OVA inhalation, airway hyperresponsiveness was assessed by methacholine-induced airflow limitation using single chamber whole body plethysmography (Allmedicus, Anyang, Korea) as previously described ([@B5], [@B6]). Increases in enhanced pause (*Penh*) were measured as an index of airway resistance {*Penh*=*\[(Te/RT-1)*×*(PEF/PIF)\]*, where *Penh*=enhanced pause, *Te*=expiratory time (s), *RT*=relaxation time (s), *PEF*=peak expiratory flow (mL/s), *PIF*=peak inspiratory flow (mL/s)}. Increasing doses of methacholine (ranging from 2.5 to 50 mg/mL; Sigma, St. Louis, U.S.A.) were administered by nebulization for 3 min, and the values of *Penh* were calculated over the following 3 min. During the experiment, the activity of the mice and the barometric plethysmograph flow tracings were monitored. For the quantification of the dose-response to methacholine, the linear regression of Penh on log was calculated for individual mice. The log dose corresponding to an increase in Penh of 200%, respectively, was determined, and the average log doses of the different groups were compared. The results are presented as PC~200~, which is the concentration of methacholine required to increase the baseline *Penh* by 200%.

Inflammatory cells in bronchoalveolar lavage (BAL) fluid: Forty-eight hours after the final OVA challenge, mice tracheae were cannulated and the lungs were lavaged five times with 0.4 mL aliquots of pyrogen-free saline. After Diff-quick^R^ staining (Dade Behring AG, Dudingen, Switzerland) of lung lavage cells in a cytospin preparation, two investigators blindly counted more than 300 inflammatory cells under a light microscope and classified them as macrophages, lymphocytes, neutrophils, or eosinophils.

Lung histology: Following BAL, the lungs were infused with 10% formalin and embedded in paraffin. Lung sections were stained with hematoxylin and eosin. Slides were assessed by light microscopy and the degree of peribronchial and perivascular inflammation was evaluated on a subjective scale of 0-3, as previously described ([@B5], [@B7]). The investigators who scored airway inflammation were blinded as to which preparation they were scoring. Briefly, a value of 0 was assigned when no inflammation was detectable, a value of 1 for occasional cuffing with inflammatory cells, a value of 2 when most bronchi or vessels were surrounded by a thin layer (one to five cells) of inflammatory cells and a value of 3 when most bronchi or vessels were surrounded by a thick layer (more than five cells deep) of inflammatory cells. The total lung inflammation was defined as the average of the peribronchial and perivascular inflammation scores.

Serum ovalbumin specific IgE: Forty-eight hours after the final OVA challenge, blood samples were obtained from the mice via the inferior vena cava. Anti-OVA specific antibodies were measured by ELISA, as previously described ([@B5]). Briefly, microtiter plates (Nunc, Roskilde, Denmark) were coated overnight with 2 µg/mL of OVA in a 50 mM of carbonate buffer (pH 9.6) at 4℃ Nonspecific binding was blocked with 2% bovine serum albumin for 1 hr at 20℃ After incubation of the test sera for 2 hr, the plates were incubated with horseradish peroxidase-labeled goat anti-mouse IgE (Pharmingen, San Diego, U.S.A.) for 1 hr at 20℃. The reaction was developed with a tetramethylbenzidine (Sigma, St. Louis, U.S.A.) and stopped by adding 2 N H~2~SO~4~. The optical density was measured at 490 nm, and the antibody titers of the samples were related to pooled standards, which were generated in the laboratory; results are expressed in arbitrary units (AU) according to each O.D. value.

Statistical Analysis
--------------------

Statistical analysis was performed using the Kruskal-Wallis and the Mann-Whitney U tests. Statistical significance was accepted at *p*\<0.05. Analysis was performed using SPSS 9.0. Data are expressed as the means±standard error with the exception of the inflammatory scores, which are expressed as the means±standard deviation.

RESULTS
=======

Airway hyperresponsiveness
--------------------------

Airway hyperresponsiveness upon a secondary OVA challenge was persistent when mice were rechallenged 5 or 7 weeks after the initial inhalation challenge. The values of PC~200~ observed in the rechallenged animals at 5, or 7 weeks after the initial challenge were similar to that of initially challenged group (5.30±0.30, 10.6±3.50 vs. 7.37±3.63 mg/mL, *p*\>0.05), but the values of PC~200~ at 9 and 12 weeks after the initial challenge were higher than that of initially challenged group (30.20±11.60, 19.5±15.2 vs. 7.37±3.63 mg/mL, *p*\<0.05).

Mice sensentized and challenged with PBS showed constantly high values of PC~200~ from the initial challenge (41.30±8.67, 39.3±10.7, 33.48±10.2, 41.49±8.50, 45.20±4.80 mg/mL, *p*\>0.05), which means that there was no environmal factor that may alter the physiological air flow during the experiment ([Fig. 2](#F2){ref-type="fig"}).

Bronchoalveolar lavage fluid (BALF)
-----------------------------------

The percentages of BALF eosinophils in the secondarily challenged mice were higher even in mice that were rechallenged 12 weeks after initial challenge. The proportions of BALF eosinophils observed in the rechallenged animals at 5, 7, 9, or 12 weeks after the initial challenge were similar to that of initially challenged group (37.8±9.7, 34.7±4.6, 29.4±9.1, 23.3±6.0 vs. 39.6±9.3 %, *p*\>0.05). PBS treated mice showed no eosinophil in BAL fluid at initial challenge and even at the end of the study (0.0±0.0%). ([Fig. 3A](#F3){ref-type="fig"})

Histopathology of the lung
--------------------------

The degree of inflammation was evaluated in 10 random high power fields (×400). Peribronchial, perivascular and total inflammation scores in the rechallenged animals at 5, 7, 9, or 12 weeks were similar to that of initially challenged group (*p*\>0.05). The inflammatory scores of PBS treated mice were lower than those of OVA treated mice (*p*\<0.05) ([Fig. 3B](#F3){ref-type="fig"}). Epithelial shedding was not found and the thickness of subepithelial fibrosis was similar in all groups.

Serum OVA specific IgE
----------------------

The serum anti-OVA specific IgE level was still increased when mice were rechallenged 12 weeks after the initial challenge. The levels of serum anti-OVA specific IgE observed in the rechallenged animals at 5, 7, 9, or 12 weeks were not different to that of initially changed group (72.8±24.7, 18.0±5.6, 65.2±45.8, 21.5±5.0 vs. 50.2±12.1 A.U., *p*\>0.05). We could not detect serum OVA-specific IgE production in PBS treated mice (0.0±0.0 A.U.) ([Fig. 4](#F4){ref-type="fig"}).

DISCUSSION
==========

In this study, we found that eosinophilic airway inflammation and the increased serum allergen-specific IgE production persisted upon a secondary challenge at least 12 weeks after the initial challenge in a murine model of asthma. Airway hyperresponsiveness, another characteristic of asthma, persisted when asthmatic mice were reexposed to allergen only 5 to 7 weeks after the initial challenge.

It is important to determine the duration of a persistent disease phenotype in an experimental protocol. The majority of previous investigations have examined the effects of therapeutic intervention at the time of sensitization or before the initiation of allergic responses in mouse models ([@B5], [@B8]-[@B10]). However, we see patients who have established asthma in a clinical situation. Therefore, we should be aware as to whether the therapeutic intervention can reverse the established asthma phenotypes. In this study, we evaluated the persistence of asthma phenotypes upon a secondary challenge in previously challenged murine asthma model.

The persistence of asthma phenotypes might vary according to the experimental protocols used, especially in terms of the types and dosages of allergens, adjuvants, and the strains of mice. We chose ovalbumin, alum, and BALB/c mice because they are one of the most popular systems used in asthma study ([@B3]). It has been reported that asthma phenotypes, including airway hyperresponsiveness persist for at least 7 weeks in a mouse model of asthma using ragweed allergen. However, the study used a different allergen and three ragweed challenges were performed during the experiment ([@B11]). Another study revealed that eosinophilic inflammation of airways persisted for 8 weeks in a mouse model of asthma using ovalbumin ([@B10]). Recently, Kanehiro et al. ([@B12]) rechallenged previously challenged animals 6 weeks after the initial challenge using ovalbumin, and measured airway resistance and dynamic compliance in anesthetized, mechanically ventilated mice. They found that airway hyperresponsiveness and eosinophilic inflammation of airway persisted.

We evaluated the persistence of asthma phenotypes over a longer period with different model system. Though our results concur with those of the previous reports in similar period ([@B10]-[@B12]), we found that airway hyperresponsiveness upon a secondary challenge disappeared when mice were reexposed to allergen 9 or 12 weeks after initial challenge. However, airway eosinophilia (IL-5 dependent) and serum allergen specific IgE production (IL-4 dependent) were found to be elevated when mice were rechallenged even 12 weeks after the initial challenge. This finding suggests that the airway inflammation, allergen-specific IgE production and airway hyperresponsiveness may be regulated by different mechanisms.

Airway hyperresponsiveness is a characteristic feature of asthma and is used as an index of the asthma phenotype in a mouse model ([@B3]). Airway inflammation, airway wall thickening, airway epithelial damage, edema of the airways, alteration of presynaptic control of acetylcholine release, activation of local axonal reflexes, altered airway smooth muscle function, or a combination of several of these events have been suggested as possible mechanisms of airway hyperresponsiveness ([@B13]). As for the cytokines, there was initial confusion about the relative importance of IL-4 and IL-5 in the pathogenesis of airway hyperresponsiveness ([@B3]). Anti-IL-4 antibody treatment reduced airway hyperresponsiveness in sensitized BALB/c mice without affecting airway eosinophilia while anti-IL-5 antibody did not reduce the airway hyperresponsiveness in one study ([@B14]), but deleting the IL-5 gene in C57BL/6 mice was found to abolish their ability to generate airway hyperresponsiveness and tissue eosinophilia in another ([@B15]). Now, three distinct pathways leading to airway hyperresponsiveness after T cell activation have been suggested ([@B3]). First, the IL-4 dependent pathway, which involves that IgE-stimulated activation of mast cells discharge mediators, such as histamine and leukotrienes that induce airway hyperresponsiveness upon exposure to the allergen ([@B16]). Second, the IL-5 dependent pathway, which involves allergen-activated T cell release of IL-5 that promotes eosinophil mediated epithelial cell damage and airway hyperresponsiveness ([@B16]). Finally, the IL-4 and IL-5 independent pathway, which involves a novel CD4+ T cell pathway for modulating airway hyperresponsiveness, was suggested to function in IL-4- and IL-5- deficient BALB/c mice ([@B17]). IL-13 shares a common alpha chain with IL-4 and enhances IgE production, mucus production, and eotaxin expression ([@B3], [@B18]). It has been reported that IL-13 can induce airway hyperresponsiveness independent of serum allergen-specific IgE, airway eosinophilia, IL-4, and IL-5; blockade of IL-13 before the allergen provocation resulted in decreased airway hypersensitivity without affecting airway eosinophilic inflammation or serum ovalbumin specific IgE level ([@B18]). IL-13 is important during antigen challenge, whereas IL-4 is useful during sensitization ([@B18]). This finding is concordant with our results. In the present study, no difference was found in the extents of the mainly IL-5 dependent processes (i.e., the proportion of eosinophils in BAL fluid, the degree of airway inflammation, or epithelial damage) or in the extent of the mainly IL-4 dependent process (i.e., serum allergen-specific IgE level) in mice that were rechallenged at different times. However, airway hyperresponsiveness persisted for only 7 weeks after the initial challenge. Therefore, an IL-4- and IL-5-independent regulatory mechanism, such as the regulation of IL-13 or novel CD4+ T cell pathway, might be involved in the modulation of airway hyperresponsiveness upon secondary allergen challenge. However, the actual mechanism of this phenomenon remains to be elucidated.

We should admit that the number of mice in each group might be small as this study was done as a preliminary experiment before the evaluation of a new therapeutic modality. There were some variation in the level of serum specific IgE and the average value might seem to be somewhat decreased in the last part of study. However, the levels of serum specific IgE in the challenged or rechallenged mice were not statistically different by Kruskall-Willis test (*p*\>0.05) and definitely higher than that of PBS treated mice (*p*\<0.05).

In summary, we report that airway inflammation and allergen specific IgE production may persist longer than airway hyperresponsiveness in a mouse asthma model of secondary allergen challenge. It is important to know the persistence of a disease phenotype in an animal model, especially in the evaluation of newly developed treatment modalities. This study also supports the hypothesis that airway inflammation, allergen-specific IgE production and airway hyperresponsiveness may be regulated by different mechanisms.
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![Experimental protocols for sensitization, initial challenge and secondary challenge. 7-week old female BALB/c mice were used for the experiment. Mice were sensitized by intraperitoneal injection and initial provocative challenge was done on days 21, 22, 23 (0 week). Secondary challenges were performed at 5, 7, 9, or 12 weeks after the initial challenge. PBS treated mice were used as controls. Five mice were used in each group. IP: intraperitoneal injection.](jkms-19-69-g001){#F1}

![Airway hyperresponsiveness upon a secondary OVA challenge is persistent when mice were rechallenged 5 or 7 weeks after the initial inhalation challenge. However, airway hyperresponsiveness disappeared when mice were rechallenged 9 or 12 weeks after the initial challenge. The results are presented as PC~200~ values, where PC~200~ is the concentration of methacholine required to increase the baseline *Penh* by 200%.](jkms-19-69-g002){#F2}

![(**A**) The proportion of eosinophils in bronchoalveolar lavage fluid. Eosinophils are increased even when mice were rechallenged 12 weeks after the initial challenge. (^\*^*p*\<0.05, compared to the PBS treated mice, BALF: bronchoalveolar lavage fluid). (**B**) The degrees of airway inflammation observed in the initially and rechallenged animals at 5, 7, 9, or 12 weeks after the initial challenge are similar each other and higher than that of the PBS treated mice. Total lung inflammation was defined as the average value of the peribronchial and perivascular inflammation scores. (^\*^*p*\<0.05, compared to initially challenged mice).](jkms-19-69-g003){#F3}

![The serum ovalbumin specific IgE level is still increased when mice were rechallenged 12 weeks after the initial challenge. The level of the specific IgE in the initially challenged or rechallenged mice are similar (*p*\>0.05, by Kruskal-Willis test) and higher than that of PBS treated group (^\*^*p*\<0.05, compared to all allergen challenged groups). Sera of four to five mice were evaluated in each group. BALF: bronchoalveolar lavage fluid.](jkms-19-69-g004){#F4}
